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Abstract 
Particle number concentrations vary significantly with environment and, in 
this study, we attempt to assess the significance of these differences. 
Towards this aim, we reviewed 85 papers that have reported particle number 
concentrations levels at 126 sites covering different environments. We 
grouped the results into eight categories according to measurement location 
including: road tunnel, on-road, road-side, street canyon, urban, urban 
background, rural, and clean background. From these reports, the overall 
median number concentration for each of the eight site categories was 
calculated. The eight location categories may be classified into four distinct 
groups. The mean median particle number locations for these four types 
were found to be statistically different from each other. Rural and clean 
background sites had the lowest concentrations of about 3x103 cm-3. Urban 
and urban background sites showed concentrations that were three times 
higher (9x103 cm-3). The mean concentration for the street canyon, roadside 
and on-road measurement sites was 4.6x104 cm-3, while the highest 
concentrations were observed in the road tunnels (8.6x104 cm-3). This 
variation is important when assessing human exposure-response for which 
there is very little data available, making it difficult to develop health 
guidelines, a basis for national regulations. Our analyses shows that the 
current levels in environments affected by vehicle emissions are 3 to 28 
times higher than in the natural environments. At present, there is no 
threshold level in response to exposure to ultrafine particles. Therefore, 
future control and management strategies should target a decrease of these 
particles in urban environments by more than one order of magnitude to 
bring them down to the natural background. At present there is a long way to 
go to achieve this. 
Keywords: Air Quality, Atmospheric Aerosols, Particle Number 
Concentration 
 
 
1. Introduction 
 
Ultrafine (UF) particles are defined as particles 
with diameter less than 0.1 m. A lower size subset 
of this category includes nanoparticles, which have 
diameters smaller than 0.05 m. Both these terms 
constitute an arbitrary classification of particles in 
terms of their size, thus defined in recognition of the 
significant role of this physical characteristic on 
particle fate in the environment. UF and nano 
particles, present in the air due to natural sources 
and processes, as well as those resulting from 
anthropogenic activities have attracted an 
increasing level of interest in the last decade. This 
is mainly because health and environmental effects 
of particles are strongly linked to particle size. It is 
the particle size that determines the region in the 
lung where the particles would deposit or the 
outdoor and indoor locations, to which the particles 
can penetrate or be transported to. In the sampling 
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of airborne particles, the choice of appropriate 
instrumentation and methodology is primarily based 
on particle size. While airborne concentrations of 
large particles are generally measured in terms of 
mass concentration, this is not suitable for UF and 
nano particles as they do not contribute significantly 
to particulate mass. Thus, UF and nano particles 
are most commonly measured and expressed in 
terms of number concentrations of particles per unit 
volume of air. 
 The size of airborne particles depends, not only 
on their source, but also on their formation and 
growth processes. The science behind these 
processes is complex and our present knowledge in 
this area still contains many gaps. For example, 
recent observations have shown that the impact of 
anthropogenic processes may lead to 
unprecedented increases in particle number 
concentration, often by one or two orders of 
magnitude above their natural concentrations (Woo 
et al, 2001; Zhang et al, 2004; Keeler, 2004). The 
most significant outdoor anthropogenic combustion 
sources include motor vehicles and industrial and 
power plants, which all utilise fossil fuels. Another 
significant combustion source is biomass burning, 
including controlled and uncontrolled forest and 
savannah fires. Indoor combustion sources include 
stoves and heaters utilising fossil fuels and 
biomass, and tobacco smoking.        
The relevance of airborne UF and nano particles 
in health and climate issues has resulted in a large 
body of literature published in recent years, 
reporting on various aspects and characteristics of 
these particles. Thus, the aim of this work was to 
summarize our existing knowledge of the number 
concentration of these particles in different 
environments in order to classify and assess their 
relative importance in different environments. 
2. Methods  
 
In a recent publication, we reviewed particle 
number concentration levels reported in 71 studies 
covering a range of different environments 
(Morawska et al., 2008). To this list, we added 14 
more recent publications (Held et al, 2008; 
Schneider et al, 2008; Pey et al, 2008; Lechowicz 
et al, 2008; Barone and Zhu, 2008; Yue et al, 2008; 
Wu et al, 2008; Westerdahl et al, 2009; Asmi et al, 
2009; Buonanno et al, 2009; Minoura et al, 2009; 
Bergmann et al, 2009; Bergmans et al, 2009; 
Weimer et al, 2009) to comprise a more 
comprehensive set of 85 studies at 126 different 
sites. The results were grouped into eight 
categories according to measurement location. 
These were road tunnel, on-road, road-side, street 
canyon, urban, urban background, rural, and clean 
background. We only considered results in those 
papers that presented concentrations numerically; 
papers that showed concentrations only graphically 
were excluded as such derived values are of limited 
accuracy. 
 
 
 
 
Figure 1: A TSI 3936 SMPS system, showing the 
electrostatic classifier (centre) and a CPC (right). 
(Figure from TSI Inc). 
 
Most of the reported measurements of particle 
number concentration were carried out using two 
instruments from TSI Inc: the condensation particle 
counter (CPC) and the scanning mobility particle 
sizer (SMPS) (Fig 1). While, the CPC measures the 
total particle number concentration, the SMPS is 
able to determine particle number size distributions 
as well as total concentration. Generally, the CPC 
measures particles over a wider size range than the 
SMPS. The lower size limit of a TSI CPC is typically 
3 nm to 20 nm, depending on the model. However, 
SMPS’s are capable of measuring particles in a 
number concentration up to 108 particles cm-3. 
Number concentration data are acquired in up to 
167 size channels. Generally, an SMPS system 
consists of an electrostatic classifier with a 
differential mobility analyser (DMA) that selects the 
size bins and a CPC that counts the number of 
particles in each bin. The aerosol sample first 
passes through a bipolar ion neutralizer which 
brings the aerosol charge level to a Fuch’s 
equilibrium charge distribution. The charged and 
neutral aerosols next enter the DMA where they are 
deflected by an electric field. Only particles within a 
narrow range of electrical mobility and, therefore 
size, are allowed to pass through an open slit into 
the CPC. The voltage controlling the electric field is 
ramped over a user-selected period of time 
enabling the entire particle size distribution to be 
measured. Associated software controls instrument 
operation and calculates the number-size 
distributions, taking into account multiple charge 
effects and detection efficiency. The versatility 
afforded by the individual components enables the 
selection of a system that best fits the sizing 
requirements. For example, the lower size limit 
cannot be smaller than the lower size detection 
level of the CPC which can range from 3 to 20 nm 
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while the width of the size window is controlled by 
the sample flow rate which can be varied from 0.2 
to 2.0 L min-1. Extending the upper size limit to 
larger sizes is accompanied by a sacrifice at the 
lower size range. Typical size ranges utilized by 
SMPS’s measuring ambient aerosols could be, for 
example, 3 nm to 160 nm with the TSI 3936 at a 
sample air flow of 0.7 L min-1 using a 3025 CPC or 
15 nm to 700 nm with the TSI 3934 at a sample 
flow rate of 0.3 L min-1 using a 3010 CPC. 
In the literature, very few studies reported 
simultaneous measurements using both the SMPS 
and the CPC. Where they did, the number 
concentrations reported by the CPC were generally 
higher than from the SMPS, obviously due to the 
wider size window of the CPC. Most of the studies 
reported multiple measurements at each study site. 
Where a report included several measurements 
obtained at the same site at different times, mean 
values were used. 
The overall median particle number 
concentration for each of the eight site categories 
was then calculated using the averages for each 
study. Also, many studies included more than one 
type of location. For example, a study may report 
measurements obtained both on-road and 
roadside. Overall, there were 4 tunnel studies (with 
1 site using the CPC and 4 sites using the SMPS), 
7 on-road studies (with 14 sites using the CPC and 
2 using the SMPS), 20 road-side studies (with 5 
sites using the CPC and 22 using the SMPS), 7 
street canyon studies (with 1 site using the CPC 
and 7 using the SMPS), 28 urban studies (with 1 
site using the CPC and 31 sites using the SMPS), 4 
urban background studies (with 3 sites using the 
SMPS), 8 rural studies (with 2 sites using the CPC 
and 11 sites using the SMPS) and 5 clean 
background studies (with 9 sites using the SMPS).  
 
3. Results and Discussion  
 
The corresponding median number 
concentrations for the eight site categories are 
shown in Figure 2. 
Observation of the results suggests that the eight 
location categories may be classified into four 
distinct groups. The mean median particle number 
locations for these four types were found to be 
statistically different from each other and are shown 
by the horizontal lines in Figure 2. Rural and clean 
background sites had the lowest concentrations of 
about 3x103 cm-3. Urban and urban background 
sites showed concentrations that were three times 
higher (9x103 cm-3). The mean concentration for the 
street canyon, roadside and on-road measurement 
sites was 4.6x104 cm-3, while the highest 
concentrations were observed in the road tunnels 
(8.5x104 cm-3). 
 
   
 
Figure 2. Median particle number 
concentrations at the eight classified 
location categories. 
  
At rural and clean background locations, 
particles are formed in the environment due to 
natural processes such as by the nucleation of low-
volatile gas-phase compounds, followed by growth 
into aerosols (Kulmala et al. 2004; Holmes 2007). 
Marine environments are dominated by particles 
produced during bubble bursting on seawater 
(O'Dowd et al. 2004). These background particles 
are always present at concentration levels of a few 
thousand cm-3. Therefore, when assessing the 
impact and contribution of anthropogenic sources 
we must take these background levels into 
consideration. 
The number concentrations at the six rightmost 
locations in the figure are all dominated by vehicle 
emissions. Typically, over 80% of the particles in 
urban and roadside locations consist of UF 
particles, mostly originating from motor vehicle 
emissions (Morawska et al, 1998; Charron and 
Harrison, 2003; Meija et al, 2007). Generally, in 
urban environments, the smallest particles make 
the highest contribution to the total particle number 
concentrations, while only a small contribution to 
particle volume or mass. For example, Stanier et al. 
(2004) showed that 75% of the aerosol number 
consisted of nanoparticles, while Woo et al. (2001) 
showed that 89% consisted of UF particles. Zhang 
et al. (2004) showed that, while the nanoparticle 
number fraction was as high as 71%, they 
accounted for less 3% of the total volume of 
particles. 
At such locations, although particle mass results 
are reasonably consistent, large discrepancies are 
observed when comparing the results of particle 
number concentrations. Even within a single study, 
results of particle number measurements were 
difficult to reproduce. Although, some of these 
discrepancies may be attributed to artefacts and 
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instrumentation differences used, the main reason 
is that a large number of the particles are present in 
the nucleation mode and are formed, not in the 
engine, but in the process of dilution. The number 
of particles formed in the nucleation mode is very 
sensitive to the dilution conditions and any slight 
changes of the dilution temperature, for example, 
result in a significant change in particle number 
concentration (Kasper, 2005). Therefore, there 
have been moves to develop a reproducible 
method that could be used to compare particle 
number emissions in laboratories all around the 
world, One such initiative was the formation of the 
UNECE-GRPE Particulate Measurement Program 
(PMP). This program aims to regulate nanoparticle 
emissions from light and heavy duty engines with 
the goal of amending existing approval legislation to 
stipulate an extensive reduction of particle 
emissions from mobile sources (Mohr and 
Lehmann 2003). Based upon the recommendation 
of the PMP, the European Commission has added 
a particle number limit to its Euro 5/6 proposed 
emission standards for light-duty vehicles. Under 
this legislation, only solid particles are to be 
counted, with the volatile material removed from the 
sample, according to the PMP procedure. 
This large variation in particle number 
concentration across different environments has 
profound significance in relation to human 
exposure. There is very little information on human 
exposure-response assessment, making it difficult 
to develop health guidelines, a basis for national 
regulations. Motor vehicle engines are significant 
sources of UF particles, and vehicle emissions 
constitute the most significant source of air pollution 
in populated urban areas. It is therefore of particular 
significance to understand the magnitude and 
characteristics of the vehicle-affected UF particles 
in urban air, as it is this type of environment which 
is the most likely to be considered as a target for 
future air quality regulations in relation to particle 
number. Industrial and power plant emissions have 
a significant impact on the environment and 
climate, but as they often occur outside the most 
populated urban settings, their direct impact on 
human exposure is lower than the impact of vehicle 
emissions. Our analyses shows that the current 
levels in environments affected by vehicle 
emissions are 3 to 28 times higher than in the 
natural environments. This is very different from 
particle mass. For example a review by Morawska 
(2003) showed that the difference in particle mass 
concentration between the side of a busy road and 
an urban background is not more than 25–30%. 
This large variation in particle number concentration 
across different environments has profound 
significance in relation to human exposure 
assessment and epidemiological studies. This 
means that exposure assessment must be 
conducted where the exposures occur and within 
the time scales that elucidates the temporal nature 
of the exposure. In other words, epidemiological 
studies cannot provide answers based only on 
monitoring in central locations. Central monitoring 
alone underestimates exposures and may lead to 
inappropriate management of public health risks.  
UF and nano particles are most commonly 
measured in terms of their number concentrations, 
and unlike particle mass concentration (PM2.5 and  
PM10), there is no standard method for conducting 
size classified particle number measurement. The 
terms “UF particles” and “nanoparticles” are often 
used imprecisely. In addition, the number 
concentrations reported depend on the instrument 
used. It is important to keep these factors in mind 
when attempting to establish quantitative 
understanding of variation in particle concentrations 
reported by different studies. This also points out 
the need to develop and utilize standardised 
measurement procedures, enabling meaningful 
comparison between the results from different 
studies, which is of particular significance for 
human exposure and epidemiological studies. 
Recently, based on an American Cancer Society 
study (Pope et al. 2002), the World Health 
Organization introduced a new set of air quality 
guidelines for particulate matter, with annual mean 
values of 10 and 20 µg m-3, for PM2.5 and PM10  
respectively. This was based on and represents the 
lowest end of the range over which significant 
effects on survival have been observed (WHO 
2005). It is important to note that these values are 
not much higher than the concentration levels 
commonly encountered in natural environments. If 
future epidemiological studies report response at 
lower concentration levels of PM2.5 and PM10, it is 
likely that the guideline values will be lowered even 
further.  
While lack of exposure response relationship 
makes it impossible to propose health guideline for 
UF particles, it is important to point out that, as 
discussed above, the current levels in environments 
affected by vehicle emissions are much higher than 
in the natural environments. Thus, if there is also no 
threshold level in response to exposure to UF 
particles (or if it is very low), future control and 
management strategies should target a decrease of 
these particles in urban environments by more than 
one order of magnitude. Although, some measures 
have been adopted to reduce UF particles such as 
the introduction of alternative fuels, at present there 
is a long way to go to achieve this. 
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